Diagnosis of mast cell activation disease (MCAD), i.e. systemic mastocytosis (SM) and idiopathic systemic mast cell activation syndrome (MCAS), usually requires demonstration of increased mast cell (MC) mediator release. Since only a few MC mediators are currently established as biomarkers of MCAD, the sensitivity of plasma heparin level (pHL) as an indicator of increased MC activation was compared with that of serum tryptase, chromogranin A and urinary N-methylhistamine levels in 257 MCAD patients. Basal pHL had a sensitivity of 41% in MCAS patients and 27% in SM patients. Non-pharmacologic stimulation of MC degranulation by obstruction of venous flow for 10 minutes increased the sensitivity of pHL in MCAS patients to 59% and in SM patients to 47%. In MCAS patients tryptase, chromogranin A, and N-methylhistamine levels exhibited low sensitivities (10%, 12%, and 22%, respectively), whereas sensitivities for SM were higher (73%, 63%, and 43%, respectively). Taken together, these data suggest pHL appears more sensitive than the other mediators for detecting systemic MC activity in patients with MCAS. The simple, brief venous occlusion test appears to be a useful indicator of the presence of pathologically irritable MCs, at least in the obstructed compartment of the body.
Introduction
Systemic mast cell activation disease (MCAD) denotes a group of primary mast cell (MC) disorders characterized by aberrant release of variable subsets of MC mediators due to certain sets of genetic mutations sometimes also leading to accumulation of dysfunctional MCs in potentially any organs and tissues [1, 2] . According to current proposed classifications of MCAD [1, 3, 4] , the traditionally recognized rare variant termed systemic mastocytosis (SM) is characterized by specific constitutively activating somatic mutations in exon 17 of the tyrosine kinase KIT and immunohistochemical findings (known as the World Health Organization (WHO) criteria) [5] caused by these mutations. SM is further divided into several subtypes [6] . The other variant, only recently recognized, is termed idiopathic MC activation syndrome (MCAS). Like SM, MCAS is seemingly born of sets of mutations in various genes (for review, see [2] ) and presents a complex clinical picture of multiple MC mediator-induced symptoms, but unlike SM, the mutations in MCAS seem to drive relatively little MC proliferation and MCAS patients fail to meet the WHO criteria for diagnosis of SM [1, 3, 4] . While the prevalence for SM has been calculated to vary between 0.3:100,000 (Germany) [7] , 9.59:100,000 (Denmark) [8] and 13:100,000 (Netherlands) [9] , the prevalence for MCAS may be as high as 5-10% (Germany). [10] Hence, MCAS is a common disease.
Diagnosis of MCAD usually involves demonstrating increased MC activation, e.g., MC mediator release [1, 4, 11] . Currently, however, only a few (Table 1) of the more than 200 mediators synthesizable by MCs are assessable in the clinical laboratory to detect MC activation: tryptase, histamine, and chromogranin A (CgA) in serum, and leukotrienes, prostaglandin D 2 (PGD 2 ) and/or its metabolite 9α,11β-PGF 2α , and N-methylhistamine (NMH) in urine (Table 1) . We have provided preliminary evidence that plasma heparin level (pHL) might also be a useful biomarker for MC activation [12] . The aim of the present study was to determine in a large cohort of MCAD patients the sensitivity of pHL as an indicator of increased MC activation and to compare its sensitivity with those determined in the same patients for tryptase and CgA in serum (sTryp and sCgA, respectively) and NMH in urine (uNMH). We show that pHL indeed is more sensitive for systemic MC activation in patients with MCAS, but not in patients with SM, than sTryp, sCgA, and uNMH.
Methods

Patients
Data from 257 Caucasian patients (for details, see Table 2 ) presenting consecutively between May 2005 and December 2013 with MCAD diagnosed per current criteria [1, 3, 4, 6] were included in this study. Diagnostic criteria of SM and MCAS as well as the summarized diagnostic findings of the patients are listed in Tables 3 and 4 . Patient age ranged from 18 to 86 years (mean: 48.5 years; male to female ratio: 1:3.3). For diagnostic purposes, presence of MC mediator-related symptoms was assessed by a validated questionnaire [10, 13] . For differential [41] ; 0% [42, 43] ; 21% [39] ; 33% [44] N-Methylhistamine level in 24-hour urine SM:~50% [30] ; 71% [57] ; 81% [16] ; 76% [39] ; histamine is produced and released by basophils in addition to mast cells; uptake of histamine from food MCAS: 0% [42, 46] ; 95% [47] ; 18% [39] ; 10% [44] Serotonin level in blood SM: 0% to 34% [48, 49] mainly stored in enterochromaffin cells, serotonergic neurons and platelets; small amounts are present also in mast cells (for review, see [50] diagnosis, other diseases presenting similar symptoms were ruled out by appropriate assessments including laboratory testing, imaging, and/or endoscopy. KIT D816V mutation status for SM patients was determined by polymerase chain reaction-based methods at commercial laboratories. During diagnostic investigation, patients were not taking MC-activity-regulating drugs and did not take proton pump inhibitors which would have influenced CgA levels. All data in this study were collected during routine clinical evaluations of MCAD patients who provided informed consent for use of such data in research. Patient information was anonymized and de-identified prior to analysis. As such, the Ethics Committee of the medical 2. Abnormal mast cell expression of CD2 and/or CD25 (i.e., co-expression of CD117/CD25 or CD117/CD2) 4% (11/257) 3. Detection of genetic changes in mast cells from blood, bone marrow or extracutaneous organs for which an impact on the state of activity of affected mast cells in terms of an increased activity has been proven.
9% (23/257)
4. Evidence (typically from body fluids such as whole blood, serum, plasma, or urine) of above-normal levels of mast cell mediators including:
• tryptase in blood 13% (33/257)
• histamine or its metabolites (e.g., N-methylhistamine) in urine 21% (53/257)
• heparin in blood* 56% (143/257)
• chromogranin A in blood (potential confounders of cardiac or renal failure, neuroendocrine tumors, or recent proton pump inhibitor use were excluded) 11% (27/257)
• other relatively mast cell-specific mediators (e.g., eicosanoids including prostaglandin PGD 2 , its metabolite 11-β-PGF 2α , or leukotriene E4) 21% (54/257) 5. Symptomatic response to inhibitors of mast cell activation or mast cell mediator production or action (e.g., histamine H1 and/or H2 receptor antagonists, cromolyn)
56% (145/257)
The diagnosis mast cell activation syndrome is made upon fulfilment of either both major criteria or the second criterion plus at least one minor criterion. In parentheses the number of patients fulfilling the respective criterion over the total number of patients included in the present study is given. Differences between the percentages given for tryptase, heparin, chromogranin A and N-methylhistamine in the present table and the corresponding values in Table 5 for MCAS patients are due to the fact that in the present table findings from the medical histories have been considered in addition to those obtained in the present investigation. * Heparin level in blood was not used in the present study to define the diagnose MCAS. faculty of the Rheinische Friedrich-Wilhelms-University of Bonn classified this study as exempt from requiring specific patient consent. Twenty-four healthy volunteers (inclusion criteria: absence of chronic or recurrent abdominal discomfort or disease during the last two years, non-smoker, no clinical signs for a malignant disease or mast cell mediator-related symptoms) who were gender-matched (median age 36 years, range 20-52 years, male to female ratio 1:3) were included in the study to investigate whether venous occlusion of the upper arm for 10 minutes (see below) induces an increase in the pHL in peripheral blood taken from a vein below the pressure cuff. Healthy subjects were recruited at the blood bank of the University Hospital of Bonn and gave informed consent as approved by the aforementioned Ethics Committee.
Determination of heparin, tryptase, chromogranin A, and Nmethylhistamine levels
Plasma heparin levels were determined by chromogenic anti-factor Xa (anti-Xa) assay (Siemens Healthcare, formerly Dade Behring) until January 2012 with an upper reference value of 0.02 anti-Xa IU/ml determined in-house. Thereafter, the COAMATIC Heparin assay (Chromogenix, Milano, Italy) was used with newly adapted reference ranges for determination of endogenous pHL with an upper reference value of 0.05 anti-Xa IU/ml also determined in-house. For heparin stabilization in plasma, CTAD tubes (S-Monovette 2.9ml CTAD, Sarstedt, Nüm-brecht, Germany) were used. Because of the rapid degradation and neutralization of heparin at ambient temperature, blood specimens for pHL were kept continuously chilled at all stages of handling on ice or in a refrigerated environment. It is important that the blood specimen is centrifuged to obtain the plasma within 30 minutes of phlebotomy. In order to induce a standardized mild non-pharmacological stimulation of MCs in an easily accessible compartment of the body, we applied venous occlusion of the upper arm for 10 minutes, using a blood pressure cuff inflated 10 mm Hg above diastolic pressure. Hypoxia and increased compartment pressure induced by the stasis of blood flow in the arm would be expected to increase activation of pathologically irritable MCs in this compartment, leading to heparin release [12, 14, 15] . Venous Serum total tryptase > 20 ng/ml (does not apply in patients who have associated hematologic non-mast-cell lineage disease) 53% (10/19) According to the WHO criteria, the diagnosis systemic mastocytosis is established if the major criterion and at least one minor criterion or at least three minor criteria are fulfilled. In parentheses the number of patients fulfilling the respective criterion over the total number of patients included in the present study is given.
doi:10.1371/journal.pone.0124912.t004
blood samples were drawn (by standard brief tourniquet application) just before initiating venous occlusion (baseline) and just prior to ceasing venous occlusion. The venous occlusion test regularly provokes hemoconcentration of plasma proteins. Therefore, we compared the "heparin hemoconcentration ratio" (i.e., ratio of post-occlusion pHL to baseline pHL) to the fibrinogen hemoconcentration ratio. sTryp and sCgA were determined from ice-cooled baseline blood samples. All sTryp assays were performed using the Unicap tryptase assay (Pharmacia Diagnostics, Uppsala, Sweden) with an upper reference level of 11.4 μg/l. uNMH was determined from 24-hour collections of urine (sent to the laboratory deep-frozen by the quickest mail) by liquid chromatography with mass spectrometry (LC-MS/MS). sCgA was detected by an immunoradiometric assay. sCgA and uNMH determinations were done at various commercial laboratories with different laboratory-specific reference values, so absolute values for these tests are not listed in S1 Table and instead we show only relative results (increased, normal, or decreased).
Statistics
Correlation analysis of the data was performed by means of the program GraphPad Prism 4.
Results
Effect of venous occlusion on plasma heparin level
Similar to our previous findings [12] , basal pHL from healthy people was 0.037 ± 0.006 anti-Xa IU/ml (n = 24; mean ± SEM), confirming the validity of our in-house upper reference level of 0.05 IU/ml. Venous occlusion did not induce a onsiderable increase in pHL. Likely due to hemoconcentration, post-occlusion pHL in the healthy subjects increased slightly to 0.043 ± 0.007 (n = 24; mean ± SEM).
Sensitivity of levels of plasma heparin, serum tryptase and chromogranin A, and 24-hour urinary N-methylhistamine as biomarkers for MCAD Basal pHL had a sensitivity for indicating increased MC activation of 41% in MCAS patients and 27% in SM patients (Table 5 ). Post-occlusion pHL (corrected for hemoconcentration) beyond the reference level was detected in 59% of the MCAS patients and in 47% of the SM patients.
In MCAS patients sTryp exhibited low sensitivity (10%; Table 5 ). In fact, sTryp > 20 ng/ml (a minor diagnostic criterion for SM) was found in only 4 MCAS patients (2%). In contrast, elevated sTryp had a sensitivity of 73% in SM patients, and 53% of SM patients showed sTryp > 20 ng/ml (Table 5) .
sCgA was elevated in 12% of the MCAS patients and 63% of the SM patients in this study (Table 5) .
uNMH was elevated in 22% of the MCAS patients, whereas 43% of the SM patients excreted an increased amount of this histamine metabolite (Table 5) .
pHL-based biomarker combinations were only slightly more sensitive than pHL alone for identifying MCAS (Table 5 ). In contrast, pHL-based biomarker combinations were nearly twice as sensitive (up to 90%) as pHL alone for identifying SM (Table 5 ).
Correlation analysis of levels of plasma heparin, serum tryptase and chromogranin A, and 24-hour urinary N-methylhistamine
No correlations between any pairs of the MC mediators assessed in this study were apparent in the study population as a whole or the SM or MCAS subgroups.
Discussion
In the present study the sensitivities of pHL, sTryp, sCgA, and uNMH as indicators of increased MC activation in MCAD patients were investigated. A key strength of our study is its inclusion of a large number of MCAS patients. Since only a small number of SM patients were Table 5 . Sensitivities of heparin, tryptase, chromogranin A levels in blood and N-methylhistamine excretion into urine for indication of an increased mast cell activity. The sensitivity is given for each compound alone and for their combinations. pts-patients, MCASidiopathic systemic mast cell activation syndrome, SM-systemic mastocytosis. The differences between the number of patients listed in Table 2 and the numbers of patients in the subgroups given below is due to the fact that not all mediators were determined for each patient.
doi:10.1371/journal.pone.0124912.t005
included, only rough estimates of these sensitivities are possible for this group of MCAD patients, which may account at least partly for why we found sTryp > 20 ng/ml in only 53% of the SM patients in this study compared to about 80-85% found in previous studies ( [16] ; further references therein).
Plasma heparin levels in MCAD patients
In human tissues, MCs (of both the connective tissue and mucosal varieties; [17, 18] ) are the main source of heparin [19, 20] . Human MCs have been estimated to contain 2.4 to 7.8 μg heparin per 10 6 cells [21] . The only other known endogenous source of heparin in humans is the basophil, which appears to produce far less heparin. Hence, in the absence of heparin therapy or rare basophil disease, elevated pHL fairly specifically reflects MC activation In the present study pHL was elevated in 41% of MCAS patients; in investigations of healthy individuals, no pHL elevation was detected. (present study; [22] ) Basal pHL seems to reflect the basal activation state of the MCs in the organism. As a means of non-pharmacologic activation of MCs, venous obstruction for 10 minutes increased the sensitivity of elevated pHL as an indicator for pathological MC activation in MCAS patients to 59% and in SM patients to 47%, while postobstruction pHL levels in normal individuals remained normal. These findings suggest that this simple, brief venous occlusion test is a useful indicator of the presence of pathologically irritable MCs, at least in the obstructed compartment of the body.
Serum tryptase measurements
Serum tryptase has been shown repeatedly to be elevated to a level of > 20 ng/ml in the majority of SM patients (for references, see Table 1 ). sTryp was elevated above reference in 73% of the SM patients in this study (and elevated > 20 ng/ml in 53% of the SM patients) but was clearly less suited to indicate MC activation in MCAS patients (sensitivity only 10%), similar to previous findings (Table 1) . These findings are consistent with contemporary understanding that sTryp far dominantly reflects total body MC load and far less MC activation state [23, 24] . The specificity, too, of sTryp can be adversely affected by elevated levels found in hematologic non-MC-lineage neoplasms and end-stage kidney disease. [23, 25, 26] Histamine and histamine metabolites in plasma and urine
An established approach to estimate systemic MC activation is the measurement of histamine and/or its metabolites in plasma and urine [27] [28] [29] [30] . However, histamine is also expressed in (and released from) basophils, and histamine levels depend on many variables such as food and drug intake. Nevertheless, in a patient with apparent mediator-related symptoms, elevated levels of histamine or its metabolites may serve to confirm MC and/or basophil activation (Table 1 ). In the present study the sensitivity of uNMH for indicating increased MC activation was low in MCAS patients (22%) and intermediate in SM patients (43%), similar to previous findings (Table 1) .
Serum chromogranin A determination
Chromogranin A is another MC product [31] [32] [33] that can be used as a fairly specific marker for MC activation in the absence of cardiac and renal failure, neuroendocrine cancer, and proton pump inhibitor use. Recently, in an American cohort of 122 MCAD patients, elevated sCgA serum levels were found in 17%. [11] . The findings in the present investigation are similar, with a sensitivity of 23% for all MCAD patients (much better in SM than MCAS, 63% vs. 12%).
Potential utility of certain prostaglandin derivatives in detecting MCAD
Although also produced in macrophages, Langerhans cells, liver endothelium, platelets, Th2 helper T cells, stimulated osteoblasts, and possibly adipocytes, PGD 2 appears to be far dominantly produced in MCs (for review, see [11] ), yielding attractive specificity for clinical detection of MCAD. However, PGD 2 is metabolized so rapidly that its measured levels may substantially underestimate its total production. The PGD 2 metabolite 9α,11β-PGF 2α is more stable than the parent compound [34] , leading some to preferentially test such metabolites over PGD 2 . Recently, Ravi et al. reported that the determination of a 24-hour urine 9α,11β-PGF 2α level is helpful to identify patients with MCAS [35] . Elevated levels were detected in 68% of 25 patients investigated [35] . Hence, its sensitivity is close to that of post-occlusion pHL (59%). Excretion of 9α,11β-PGF 2α was clearly reduced after intake of non-steroidal anti-inflammatory drugs (NSAIDs), which inhibit cyclooxygenase and thus limit PG production, PGD 2 included. Therefore, the patient's history of use of NSAIDs must be taken into account when planning the laboratory assessment for PG levels. In addition to a direct determination of PGD 2 and/or its metabolite 9α,11β-PGF 2α we have recently introduced an in vitro test in which substance-P-triggered release of PGD 2 from peripheral blood leukocytes unambiguously distinguishes MCAD patients from healthy individuals [36] .
Absent correlation of mediator levels
We found no correlation among any sets of the mediators we tested, suggesting that MCs often release their mediators selectively, i.e., via multiple trigger-dependent processes of differential mediator release [37 38 ].
Conclusions
Our data reveal that elevated pHL is a useful indicator of increased systemic MC activation. In particular, in patients with MCAS its sensitivity is superior to the sensitivities of the other mediators investigated here. Thus, pHL is a reasonable addition to the repertoire of MC mediator testing which can help objectively substantiate a diagnosis of MCAD. Elevated post-venous-occlusion pHL likely suggests presence of pathologically activated MCs in the obstructed compartment. The finding that combined sensitivity of the mediators was clearly higher (at least in the SM group) than the sensitivities of each mediator alone (Table 5) suggests an advantage to determining more rather than fewer MC mediator levels in a patient suspected to have MCAD [11] . The diagnostician must remain aware, though, of the many factors affecting MC mediator levels in vivo and in vitro. Increased systemic MC activation is considered present if an elevated MC mediator level can be found. However, given the above-noted challenges in detecting elevated levels of MC mediators, some patients present normal initial laboratory results in spite of medical histories typical for MCAD. When repeated efforts to identify aberrant MC activation using the above-described mediators fail, consideration can be given to screening for aberrant expression of other mediators such as prostaglandin D 2 or its more stable metabolite 9α,11β-PGF 2α or somewhat less specific mediators such as certain leukotrienes, Factor VIII, plasma free norepinephrine, tumor necrosis factor alpha, and interleukin-6 (for review, see [11] ).
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